The explosive increase in genome sequencing and the advances in bioinformatic tools have 17 revolutionized the rationale for natural product discovery from actinomycetes. In particular, 18 this has revealed that actinomycete genomes contain numerous orphan gene clusters that 19
INTRODUCTION 38
Actinobacteria are renowned for their ability to manufacture a diversity of bioactive small 39 molecules. 1, 2 The traditional approach for microbial natural product (NP) discovery typically 40 involves high-throughput screening of crude extracts derived from cultivable actinomycetes, 41 followed by iterative bioassay-guided fractionation and structure elucidation. This drug-42 discovery pipeline has rewarded us with many useful therapeutic agents, but also turned big 43 pharma away from NPs for drug-discovery programs due to high cost and chemical 44 redundancy. 3, 4 The explosive increase in genome-sequence information has uncovered a 45
vast and yet untapped biosynthetic potential and metabolic diversity, which has brought the 46 microbial NPs back into the spotlight. However, many of the biosynthetic gene clusters 47 (BGCs) discovered by genome mining are poorly expressed under laboratory conditions, and 48 a major new challenge lies in finding the triggers and cues to activate their expression. 5 Such 49 approaches include, among others, chemical triggers, microbial cocultivation, induction of 50 antibiotic resistance, and heterologous gene expression. [6] [7] [8] [9] [10] In addition, the advances in 51 genetic tools applied in synthetic biology, such as transformation-associated recombination 52 (TAR), Red/ET recombination, and CRISPR-Cas9, had aided in the discovery of cryptic 53 products through engineering of their biosynthetic pathways. 11 54 A second bottleneck in genomics-based approaches is to establish a link between 55 genomic and metabolomic data. 5, 12 It is difficult to assign the genetic basis for specific 56 chemical scaffolds through bioinformatics analysis alone, largely due to nature's flexibility in 57 catalytic enzymology, i.e. enzyme promiscuity 13 and crosstalk among different gene 58 clusters. 14, 15 The latter offers a significant hurdle in drug-discovery approaches that are 59 based solely on heterologous expression of single gene clusters. 16 This gap can be bridged 60 by genomics-based methodologies that allow statistical correlation between transcript or 61 protein expression levels on the one hand and abundance of the bioactive molecules on the 62 other; such correlations allow the linkage between the biosynthetic genes and the bioactivity 63 of interest, as we and others have previously exemplified. [17] [18] [19] [20] Subsequent bioinformatics 64 analysis of a biosynthetic gene cluster (BGC) provides important (partial) structural 65 6 cluster (gri) for griseobactin synthesis lacking this exact dhb operon was also found in 122
Streptomyces sp. MBT76 (Figure 1c ), suggesting crosstalk between these two BGCs. 123
A third NRPS BGC that we designated qch (Table 1 and Figure 1a ) contained qchK 124 encoding an MbtH-like protein that is often found associated with NRPS BGCs, 39 and 125 multiple siderophore-related transporter genes qchH and qchL-P, suggesting the 126 biosynthesis of a peptide siderophore. The presence of qchG, for an ACP homologous to the 127 EntB-ACP domain, and the starter condensation (C) domain of QchI, which likely appends a 128 DHB unit to the N-terminus of the peptide, indicated the presence of a DHB moiety in the 129 final structure. 36 However, genes required for DHB synthesis were not found within or near 130 the qch cluster. Through phylogenetic analysis of adenylation (A) domains, 40 the two core 131 NRPS (QchI and QchJ) were predicted to produce a nonribosomal peptide with the 132 sequence Ser-Orn(ornithine)/Asp-Ser-Ser-Orn-Orn, whereby no clear consensus prediction 133 could be made for the second A domain. Two epimerization (E) domains in the first and third 134 modules of QchI probably transform the stereochemistry of L-Ser into D-Ser, while the 135 absence of an esterase (TE) domain at the terminus of QchJ indicated an unusual release of 136 the mature peptide. Consistent with the A-domain analysis of the NRPS, qch contained four 137 genes (qchA and qchCDE) highly similar to the arg genes argC, argJ, argB, and argD which 138 are required for the synthesis of the nonproteinogenic amino acid ornithine from glutamate. 41 139
Two accessory genes were predicted to be involved in tailoring of Orn: qchF coding for an L-140 ornithine-5-monooxygenase, and qchQ coding for a GCN5-related N-acetyltransferase. 42 141
Interestingly, a canonical arg cluster 41 for arginine metabolism was also found in the 142 Streptomyces sp. MBT76 genome, including the regulator argR and argE-H for the 143 conversion of ornithine to arginine, all of which were lacking in the qch gene cluster. 144
Taken together, bioinformatics analysis suggested: i) intertwined functional crosstalk 145 among three separate BGCs in Streptomyces sp. MBT76, allowing production of 146 catecholate-peptide siderophores; ii) that up to three types of catecholate-peptide 147 siderophores might be produced by the strain, sharing one set of DHB genes; iii) potentially 148 novel siderophores derived from the qch NRPS that encompass a connectivity of DHB-Ser-
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Orn/Asp-Ser-Ser-Orn-Orn, whereby the Orn-decorating genes could further diversify the final 150 products. A search of the CAS database (American Chemical Society, 151 http://scifinder.cas.org) using the predicted DHB-Ser-Orn-Ser-Ser-Orn-Orn sequence as a 152 query, retrieved S213L (1, Figure 2 ), 29 a patented antibiotic/antifungal siderophore with the 153 sequence DHB-Ser-Orn-Ser-Orn-hOrn-chOrn, as closest hit. The partial sequence for the 154 S213L BGC has been described, 43 and the linear structure of S213L is compatible with the 155 modular organization of our central NRPS QchI and QchJ, except for the specificity of the 156 fourth A domain (Ser vs. Orn). Therefore, we speculated that the qch cluster might produce a 157 related compound 2, which contains a serine residue instead of ornithine as the fourth amino 158 acid. 159 160
Proteomics analysis of the qch cluster and identification of the qinichelins 161
We previously described the natural product proteomining pipeline, which makes use of the 162 strong correlation between the amount of a (bioactive) molecule produced and the 163 expression level of its biosynthetic proteins. 44 This was applied to efficiently connect genes 164 (genotype) to a given metabolite or bioactivity of interest (chemotype). The reverse analysis 165 whereby the expression level of a targeted BGC (known genotype) is used to predict its yet 166 uncharacterized molecule that is produced (unknown chemotype), should be equally feasible. 167 Accordingly, this reverse proteomining could complement a genome-mining strategy to 168 facilitate the discovery of novel compounds. 169
As a prerequisite, sufficient fluctuation of protein levels should be achieved as a result of 170 varying growth conditions. 44 Accordingly, Streptomyces sp. MBT76 was grown in modified 171 liquid minimal medium (NMMP), supplemented with (A) no additive (control), (B) 2% (w/v) 172
Subsequent quantitative proteomics analysis of whole-cell lysates, using two mixtures of 174 three samples to compare all growth conditions, yielded 1,472 protein identifications, wherein 175 relative expression levels of 1,174 proteins were quantified with at least two independent 176 events, including proteins belonging to the BGCs of interest ( Table 2 ). Cultures grown in 177 NMMP with peptone and, remarkably, in NMMP without additives, showed strong expression 178 of the qch gene cluster, as demonstrated by the marked upregulation of QchF and QchH-J 179 when compared to e.g. condition B (NMMP with 2% NaCl). Due to its small size, the dataset 180 for the QchG protein contained only three quantifications, while the expression of QchA and 181
ArgC could not be differentiated due to their high sequence similarity. However, the 182 fluctuation pattern of QchA/ArgC for the five culture conditions was in line with that of all the 183 other detected Arg proteins, strongly suggesting that the observed signals for QchA/ArgC 184 were most likely dominated by ArgC rather than QchA. 185
The proteomics analysis demonstrated the expression of the qch cluster in, amongst 186 others, culture condition D (NMMP with peptone) and thus indicated the existence of the 187 corresponding catecholate-peptide siderophore under these growth conditions. In our 188 previous metabolomics study of Streptomyces sp. MBT76 under the same conditions, 31 no 189 siderophores were identified, which is most likely due to the use of ethyl acetate for the 190 extraction, which is not suited for the isolation of the hydrophilic peptidic siderophores. Figure 3a depicts the combined signals for both species to 199 compensate for any differences in iron(III) concentration among the different culture 200 conditions. 201
To confirm the structure of 2, the spent medium of condition A was reanalyzed on a 202 high resolution LTQ-orbitrap instrument, including both MS 1 and MS 2 analysis. Due to the 203 use of formic acid instead of trifluoroacetic acid in the eluent, the MS 1 spectrum of 2 204 presented the highest intensity at m/z 386.6794 assignable to [M + 2H] 2+ species, followed by 205 the [M + H] + peak at m/z 772.3500 ( Figure S1 ), within 0.5 ppm accuracy from the predicted 206 mass. Indeed, the MS 2 analysis yielded almost all the expected fragmentation products of the 207 predicted compound 2, with complete sequence coverage for both the b-and y-ion series 208 ( Figure 4a ). Moreover, the MS 2 analysis corroborated the hydroxylation of two ornithines 209 (hOrn-5 and chOrn-6) at the C-terminus, and the cyclization of the last ornithine (chOrn-6). 210
The most intensive signals were obtained for the b5 and y2 ions, indicating that a potential 211 hydroxamate bond might be more susceptible to cleavage than an amide bond. However, it 212 was noteworthy that MS/MS analysis alone was not enough to indicate the presence of a 213 peptide or isopeptide bond between Ser-4 and hOrn-5. To clarify this, the m/z 772.3 was 214 used as a probe to guide the separation of target compound from the spent medium of 215 condition A on reversed phase HPLC. The obtained semi-purified compound 2 was analyzed 216 Table 3) , COSY, HSQC, and HMBC techniques ( Figure  217 S2-S6), which indeed supported a catecholate-hexapeptide architecture comprising three 218 serine and three ornithine residues. In particular, a key HMBC correlation from H 2 -5 of hOrn-219 5 to C-1 of Ser-4 established that the linkage between these two residues was through the δ-220 hydroxylated-amine rather than α-amine of hOrn-5. The free amine group at C-2 of hOrn-5 221 could be also reflected by the upfield shifted H-2 (δH 3.99), in contrast to the amidated H-2 of 222
Orn-2 (δH 4.44) and chOrn-6 (δH 4.40). 223
Together, these experiments confirmed to existence and the precise chemical structure hOrn-5 residue ( Figure S7 ). We did not obtain sufficient amounts of compounds 3-5 for 2D 249 NMR analysis, as they are minor relative to 2. 250
Since the proteomics analysis also revealed expression of the ent and gri clusters 251 ( 
Qinichelin production belongs to the iron homeostasis regulon 260
To support the iron-chelating function of qinichelin and its possible role in iron homeostasis of 261
Streptomyces sp. MBT76, we searched for the occurrence of iron boxes within the qinichelin 262 BGC. Iron boxes are cis-acting elements with a 19 bp palindromic consensus sequence 263 TTAGGTTAGGCTAACCTAA that are bound by DmdR1, the global iron regulator in 264
Streptomyces species. 47 When sufficient iron is available, the DmdR1-Fe 2+ complex binds to 265 iron boxes and represses the expression of siderophore biosynthetic and importer genes. 47 266
The dramatic reduction in qinichelin production in an iron-rich condition suggested that the 267 expression of qch cluster would also be under the negative control of DmdR1 (Figure 3b ). 268
Indeed, four highly conserved iron boxes were found within the BGC: (i) upstream of the 269 predicted pentacistronic operon qchA-E involved in ornithine synthesis from glutamate, (ii) 270 upstream of qchF coding for the L-ornithine 5-monooxygenase, (iii) upstream of the 271 tricistronic operon (qchN-P) predicted to be involved in qinichelin transport, and (iv) upstream 272 of qchQ that encodes the predicted qinichelin N-acetyltransferase (Table S1 ). The iron box 273 identified 109 nt upstream of qchF displayed the perfect palindromic sequence 274 TTAGGTTAGGCTAACCTAA, which made it highly likely that the central NRPS genes of the 275 qch cluster were regulated by DmdR1. Furthermore, the iron box upstream of the predicted 276 qinichelin transporter system (qchN-P in Figure 1 ) was more conserved than most of iron 277 boxes identified upstream of other siderophore uptake system genes present in the 278 Streptomyces sp. MBT76 genome (Table S1 ). In addition, three iron boxes were identified in 279
the gri cluster and one in the ent cluster ( Figure 1 , and position -87 nt upstream of argC. This suggests differential regulation of the arginine 286 biosynthetic genes from primary metabolism and those involved in secondary metabolism. 287 288
Biosynthesis of qinichelins relies on coordination between multiple BGCs 289
The theoretical analysis and the experimental identification of griseobactin and qinichelins, 290 allowed us to postulate an intertwined model for the production of catecholate-peptide 291 siderophores in Streptomyces sp. MBT76 ( Figure 5 ). The chorismate pathway within the ent 292 gene cluster provides the building block 2,3-DHB to the three NRPS EntF, GriE, and QchI-293
QchJ, for enterobactin, griseobactin, and qinichelin respectively. The 2,3-DHB moiety is 294 activated by 2,3-dihydroxybenzoate-AMP ligase EntE and subsequently transferred to stand-295 alone aryl carrier proteins QchG or EntB2. As the necessary gene coding for the aryl carrier 296 protein is lacking in the griseobactin BGC, this requirement could be remedied by either 297
QchG or EntB2 to deliver the activated 2,3-DHB starter unit for GriE. The further 298 mechanisms for NRPS assembly of enterobactin and griseobactin have been elaborated 299 elsewhere. 37, 49 The coordinated expression of multiple NRPS gene clusters for siderophore 300 production in Streptomyces sp. MBT76 is striking but not unprecedented. Similar functional 301 crosstalk between different NRPS BGCs was demonstrated for the assembly of the 302 siderophores erythrochelin in Saccharopolyspora erythraea 14 and rhodochelin in 303
Rhodococcus jostii RHA1. 15 Such crosstalk could enable structural diversity for siderophores 304 on the basis of a limited number of biosynthetic genes, and thus confer an evolutionary 305 advantage for the producing bacteria in terms of iron acquisition. In particular, it would be 306 advantageous for one bacterium to evolve specific siderophore(s) for their own benefit, to 307 compete with the "siderophore pirates" that use siderophores biosynthesized by other 308 species. 50 For example, the structurally novel amychelin produced by Amycolatopsis sp. AA4, 309 seems to frustrate "siderophore piracy" of Streptomyces coelicolor by inhibiting its 310
The assembly of the catecholate-hexapeptide backbone in qinichelin follows an orthodox 312 linear logic of modular NRPS. Each module in QchI and QchJ contains an adenylation (A) 313 domain for recognition of correct amino acid substrate, whereby Ser-1, Orn-2, Ser-3, Ser-4, 314 hOrn-5, and hOrn-6, are sequentially bound and converted to aminoacyl adenylates. The two 315 serine residues can be converted from the initial L-form 51 into its D-stereoisomer by the 316 13 epimerization (E) domain in modules 1 and 3. After QchG-mediated incorporation of 2,3-DHB, 317 each condensation (C) domain is successively used to elongate the chain by formation of a 318 peptide bond with the activated amino acid, except for the isopeptide bond catalyzed by C 319 domain 5, while the growing peptide chain is tethered to peptidyl carrier proteins (PP). Finally, 320 qinichelin is released from the last PP domain through an intramolecular nucleophilic 321 substitution of the δ-hydroxylamino group of L-hOrn-6 to the carbonyl group of the thioester. 322
However, it is challenging to understand the enzymology responsible for this reaction, 323 because a usual thioesterase (TE) domain (e.g. in NRPS assembling gobichelin 45 and 324 heterobactin 25 ) required for peptide chain release is lacking in the C-terminus of QchJ. It is 325 tempting to speculate that the C domain in module 6 catalyzes both the α-amidation of hOrn-326 6 to finalize the growing peptide chain, and δ-amidation to self-cyclize the last 327 hydroxyornithine (chOrn-6) to release the peptide chain from NRPS system. A similar 328 scenario for peptide chain release has recently been reported in the biosynthesis of 329 scabichelin, 52 a pentapeptide siderophore containing a C-terminal cyclic hydroxyornithine 330 residue as in qinichelin. 331
The ornithine building block for qinichelin assembly may originate from either the qch 332 cluster or from the canonical arg gene cluster, 41 regulated by DmdR1 and ArgR, respectively. 333
This would allow decoupling of qinichelin production from primary metabolism. The 334 generated Orn precursor is further tailored, including hydroxylation at δ-NH 2 by QchF, and/or 335 acetylation at α-NH 2 and δ-NH 2 by QchQ. Alternatively, α-N-acetylation could arise from the 336 bifunctional enzyme ArgJ (or its counterpart QchC) during ornithine precursor synthesis. 53 337
The characterization of qinichelin congeners (3-5) provides evidence for substrate flexibility 338 of the A Orn domain in modules 2 and 5, whereby unmodified ornithine (Orn), δ-N-hydroxyl 339 ornithine (hOrn), α-N-acetyl ornithine, δ-N-acetyl ornithine, and δ-N-hydroxyl-α-N-acetyl 340 ornithine can be recognized and incorporated into the NRPS assembly. Still, we cannot rule 341 out that QchQ post-translationally acetylates either free amine after construction of the final 342 qinichelin. Indeed, it is difficult to discriminate between A domains activating Orn and/or hOrn 343 through bioinformatics alone. 54 However, since qinichelin (2) (Thermo) equipped with a Gemini C 18 column (Phenomenex , 4.6 x 50 mm, particle size 3 410 m, pore size 110 Å) at a flow rate of 1 mL/min and using a 0-50% B gradient in 10 CV. 411
Mass spectrometry was performed using an Finnigan LCQ advantage (Thermo) equipped 412 with an ESI source in the positive mode and scanning at 160 -2,000 m/z. 413
For high resolution LC-MS/MS analysis on an LTQ-orbitrap the same setup was used 414 as above for proteomics analysis, 62 but using different run parameters. Mobile phases were: 415 A) 0.1% (v/v) formic acid in H 2 O and B) 0.1% formic acid in acetonitrile. A 30 min 10-20% B 416 gradient was followed by a 15 min 20-50% B gradient, both at a flow rate of 300 µL/min split 417 to 250 nl/min by the LTQ divert valve. For each data-dependent cycle, one full MS scan (100-418 2,000 m/z) acquired at a resolution of 30,000 was followed by two MS/MS scans (100-2,000 419 m/z), again acquired in the orbitrap at a resolution of 30,000, with an ion selection threshold 420 of 1 x 10 7 counts but no charge exclusions. Other fragmentations parameters were as 421 described for the proteomics analysis. 62 After two fragmentations within 10 s, precursor ions 422 were dynamically excluded for 120 s with an exclusion width of ± 10 ppm. The putative binding sites for the iron utilization regulator DmdR1 and for the arginine 443 biosynthesis regulator ArgR were detected on the chromosome of Streptomyces sp. MBT76 444 using the PREDetector software 63 and according to the method described. 64 For the 445 generation of the DmdR1 position weight matrix (PWM) we used the sequence of the iron 446 box which lies at position -82 nt upstream of desA (SCO2782) and previously shown to be 447 bound by DmdR1 in S. coelicolor. 65 In order to acquire more highly reliable iron boxes to 448 generate the PWM we scanned the upstream region of the orthologues of desA in five other 449
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